Background: ARAP2 is an ArfGAP that regulates focal adhesions (FAs) by an unknown mechanism. Results: ARAP2 activity controlled FA size and regulated cellular Arf6⅐GTP and Rac1⅐GTP. The effect of loss of ARAP2 on FAs was reversed by dominant negative Arf6 or Rac1. Conclusion: ARAP2 functions in part by inhibiting the Arf6/Rac1 pathway. Significance: We describe a mechanism by which an ArfGAP can regulate FAs.
Focal adhesions (FAs) are dynamic structures that connect the actin cytoskeleton with the extracellular matrix. At least six ADP-ribosylation factor (Arf) GTPase-activating proteins (GAPs), including ARAP2 (an Arf6 GAP), are implicated in regulation of FAs but the mechanisms for most are not well defined. Although Rac1 has been reported to function downstream of Arf6 to control membrane ruffling and cell migration, this pathway has not been directly examined as a regulator of FAs. Here we test the hypothesis that ARAP2 promotes the growth of FAs by converting Arf6⅐GTP to Arf6⅐GDP thereby preventing the activation of the Rho family GTP-binding protein Rac1. Reduced expression of ARAP2 decreased the number and size of FAs in cells and increased cellular Arf6⅐GTP and Rac1⅐GTP levels. Overexpression of ARAP2 had the opposite effects. The effects of ARAP2 on FAs and Rac1 were dependent on a functional ArfGAP domain. Constitutively active Arf6 affected FAs in the same way as did reduced ARAP2 expression and dominant negative mutants of Arf6 and Rac1 reversed the effect of reduced ARAP2 expression. However, neither dominant negative Arf6 nor Rac1 had the same effect as ARAP2 overexpression. We conclude that changes in Arf6 and Rac1 activities are necessary but not sufficient for ARAP2 to promote the growth of FAs and we speculate that ARAP2 has additional functions that are effector in nature to promote or stabilize FAs.
Focal adhesions (FAs)
2 connect the actin cytoskeleton with the extracellular matrix. They are critical to cell survival, proliferation and movement (1) (2) (3) (4) . The function of FAs is closely related to their dynamic nature. Structural components such as integrin and paxillin cluster in the cell periphery forming the precursor structures, nascent adhesions, with an average size around 0.2 m 2 (5). Nascent adhesions can grow and mature into the intermediate sized focal complexes (0.5ϳ1 m 2 ) and then FAs that are typically larger than 1 m 2 (4) . The formation and maturation of FAs is controlled by two subfamilies within the Ras superfamily. Rho family proteins have well described effects through a number of well established effectors (6) . ADPribosylation factor (Arf) family GTP-binding proteins have also been implicated (7) . The molecular basis for the function of Arfs in FAs is still being discovered but is thought to be related to the structurally diverse Arf GTPase-activating proteins (GAPs) that regulate Arfs and are found in FAs (8) .
Over 20 genes encode Rho family GTP binding proteins in humans (9) . Three have been studied extensively as regulators of the actin cytoskeleton. The activation of Rac1, i.e. formation of Rac1⅐GTP, drives the formation of actin rich membrane ruffles and focal complexes and opposes the formation of FAs. Similarly, Cdc42⅐GTP blocks the formation of FAs. RhoA⅐GTP induces the formation of FAs and actin stress fibers (10, 11) . Many of the factors leading to the activation of Rho family proteins have been identified, and signaling pathways have been defined. Arf family GTP-binding proteins have been implicated as regulators of Rho family proteins, and the activity of the Arf and Rho family proteins are thought to be specifically coordinated (12) (13) (14) (15) (16) .
Five genes in humans encode for Arfs, six in other mammals. The best studied Arf proteins are Arf1 and Arf6. Both have been implicated as regulators of the actin cytoskeleton and related structures. Activated Arf1 has been found to promote actin stress fiber formation and the recruitment of paxillin, a component of the cytoplasmic FA plaque, to FAs (7) . Furthermore, activated Arf1 was recently shown to cooperate with Rac1 to stimulate WAVE-dependent actin polymerization (17) . Activated Arf6-induced actin rich protrusions in HeLa cells (18) . Subsequent work identified Arf6 function in cell migration, phagocytosis, and the disassembly of FAs (19 -23) . Rac1, a Rho family GTP-binding protein has been reported to function both upstream and downstream of Arf6 to control actin rich protrusions (12, 13, 24) , but whether the inter-regulation between Arf6 and Rac1 plays any roles in FA formation has not been studied.
The function of Arf proteins relies on the binding and hydrolysis of GTP. Because Arfs have no detectable GTPase activity, their function is dependent on ArfGAPs, which catalyze the hydrolysis of GTP bound to Arfs. Thirty-one genes in humans encode ArfGAPs. At least nine ArfGAPs affect the actin cytoskeleton and six are in FAs (8, 24 -32) . Three of the FA associated ArfGAPs, ARAP2, GIT1, and GIT2, function with Arf6 (29, 33) . The mechanisms by which these ArfGAPs affect FAs are incompletely described. Overexpression of GIT1 caused reduction in FAs independent of ArfGAP activity (34) . Instead, the effect was due to a scaffolding function in which GIT1 binds to the Rac activator PIX and to P21-activated kinase, a Rac1 effector. On the other hand, GIT1 reduces membrane protrusions from cells, which presumably coincides with stabilizing FAs (5, 10, 11) , by inactivating Arf6, which, in turn, reduces Rac1⅐GTP (24) . ARAP2 has been reported to slow cell spreading and promote FAs dependent on its ArfGAP activity; however, the relationship to the Rho pathway has not been explored (29) . Furthermore, with the complex domain structure of ARAP2 (Fig. 1A) , an additional scaffolding function may contribute to the effect of ARAP2 on FAs.
Here, we examined the role of ARAP2 in the regulation of FAs, testing the hypothesis that the effects of ARAP2 on FAs are mediated by the ArfGAP activity resulting in reduced Arf6⅐GTP and consequent reduction in Rac1⅐GTP levels. We found that ARAP2, dependent on its ArfGAP activity, reduced both Arf6⅐GTP and Rac1⅐GTP levels. By quantification of FA size and number, we were also able to determine that the changes in Arf6 and Rac1 were necessary but not sufficient for the control of FAs by ARAP2. We speculate that in addition to the role as a negative regulator of Arf6, ARAP2 may have positive function as an effector.
MATERIALS AND METHODS
Plasmids-Mammalian expression vectors for N-terminal FLAG-tagged ARAP2 and [R728K]ARAP2 have been described (29) . The bacterial expression vector for GST-fused VHSGAT FIGURE 1. Regulation of FA size by ARAP2 requires its ArfGAP activity. A, schematic representation of ARAP2 domain structure. SAM, sterile ␣-motif; PH, pleckstrin-homology domain; ArfGAP, ArfGTPase-activating protein; RhoGAP, RhoGTPase-activating protein; A, ankyrin repeat; RA, Ras-association domain. Numbers below the structure indicate corresponding amino acid position. B-D, effect of ARAP2 overexpression on FAs. HeLa cells were transfected with GFP or FLAG-ARAP2, plated onto fibronectin (FN)-coated (10 g/ml) coverslips for 6 h, fixed and stained with anti-vinculin, anti-paxillin, and anti-FLAG antibodies to visualize FAs and FLAG-ARAP2. Representative images (B) and quantification of the adhesion number (C) and size (D) expressed as the mean Ϯ S.E. of at least three experiments are shown. E and F, requirement for ArfGAP activity for effect of ARAP2. HeLa cells were cotransfected with siRNA and plasmids expressing FLAG-tagged wild type ARAP2 or [R728K]ARAP2 and processed as described for B-D. Representative images are shown in E and number of adhesions/cell (mean Ϯ S.E.) for at least three experiments are shown in F. For all experiments presented in panels B-F, 30ϳ70 transfected cells were examined per construct. Bars, 10 m. *, p Ͻ 0.05 compared with GFP control by Student's t test (C, D) or compared with control siϩpCI using one way ANOVA with Dunnett's multiple comparison test (F). of GGA3 has been described (13, 35 Antibodies and Reagents-Rabbit anti-ARAP2 antisera (antisera 1186) were raised against the same synthetic peptide RSRTLPKELQDEQILK as antisera 1185 described previously (29) (Covance Research, Princeton, NJ). 1186 antisera were affinity-purified using the peptides against which the antibody was raised with a purification kit from Thermo Scientific (Lafayette, CO). Affinity-purified 1186 antisera detected a band at 190 kDa by Western blotting. The band at 190 kDa was diminished in 3 cell lines treated with siRNA targeting ARAP2, providing evidence that this 190 kDa species was endogenous ARAP2. anti-FLAG polyclonal Ab, anti-Vinculin monoclonal Ab (hVIN-1), and fibronectin were purchased from Sigma-Aldrich. Anti-hemagglutinin (HA) rat monoclonal Ab (3F10) was from Roche Applied Science (Indianapolis, IN). Anti-Rac1 monoclonal Ab (23A8) was from Millipore (Temecula, CA). Anti-Paxillin monoclonal Ab (clone 349) was from BD Biosciences (Sparks, MD). Anti-AU5 monoclonal and anti-Myc polyclonal antibodies were from Covance and Abcam (Cambridge, MA). Anti-Arf6 serum were a generous gift from Dr. Julie Donaldson (National Institutes of Health, Bethesda, MD). Alexa Fluor-labeled secondary antibodies were from Invitrogen (Carlsbad, CA). Horseradish-peroxidase-conjugated antimouse and anti-rabbit IgG Abs were from Bio-Rad. All lipids were purchased from Avanti Polar Lipids (Alabaster, AL).
Cell Culture and Transfection-HeLa, T47D, and U118 cells were maintained at 37°C in Dulbecco's modified Eagle's medium supplemented with 100 units/ml penicillin, 100 g/ml streptomycin, and 10% fetal bovine serum (FBS). siRNA against ARAP2 (5Ј-GUAAGAAGACAUUGGGUUA-3Ј), and control siRNA (siCONTROL Non-Targeting siRNA#2) were purchased from Thermo Scientific (Lafayette, CO). Cells were transfected with 300 nM siRNA using Amaxa nucleofector system (Amaxa Inc., Gaithersburg, MD) or with 40 nM siRNA using Dharmafect (Thermo Scientific, Lafayette, CO) according to the manufacturer's instructions. Functional experiments with siRNA-transfected cells were performed 72 h following transfection when ARAP2 expression was reduced. For rescue experiments, 48 h after siRNA transfection, cells were transfected again with plasmids expressing epitope-tagged Arf mutants [T17N]Rac1 or GFP using Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA). 24 h later, focal adhesion morphology was assessed using confocal microscopy.
ArfGAP and RacGAP Assay-ArfGAP activity was determined by measuring hydrolysis of GTP bound to Arf using an in vitro assay (36) . Myr-Arf1, myr-Arf6, and Rac1-His proteins were expressed and purified from bacteria as previously described (37) (38) (39) . Myr-Arfs were loaded with [␣-
32 P]GTP for 1 h at 30°C as described in Refs. 37, 38 and Rac1-His was loaded with [␣-32 P]GTP under the same condition except for no MgCl 2 in the buffer to reduce the basal GTP hydrolysis (39) . Large Unilamellar Vesicles (LUVs) comprised of 40% phosphatidylcholine, 25% phosphatidylethanolamine, 15% phosphatidylserine, 7% PtdIns, 2.5% PtdIns (4,5)P 2 , 0.5% PtdIns (3,4,5)P 3 , and 10% cholesterol were prepared by extruding the lipid mixture through 1 m pore polycarbonate membrane as described. Three sources of ARAP2 were used for the in vitro assay. Lysates of HeLa cells expressing FLAG-ARAP2 were prepared by scraping cells into 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 2 mM MgCl 2 , 1 mM DTT, and 1% Triton X-100 supplemented with protease & phosphatase inhibitor mixture (Thermo Scientific, Lafayette, CO). Lysates were diluted with 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 2 mM MgCl 2 , and 1 mM DTT to decrease Triton X-100 concentration to 0.2%. Protein concentrations of the lysates were determined, and the amount of lysate indicated in the figure was included in the assay. The second source of ARAP2 was FA fractions from HeLa cells expressing FLAG-ARAP2 from plasmids. The third source of ARAP2 was His-[1-883]ARAP2 expressed and purified from bacteria using a His-Trap HP column followed by a PD-10 column to change buffer to PBS. Cell lysates, His-[1-883]ARAP2, or FA preparations were incubated with myr-Arf1, myr-Arf6, or Rac1-His preloaded with [␣-
32 P]GTP in 25 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM DTT, 2 mM MgCl 2 , 1 mM GTP, and 0.5 mM LUVs at 30°C for 3 min (cell lysates and FA preparation) or for the times indicated (His-[1-883]ARAP2). The reaction was stopped by diluting the samples into ice-cold 10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , and 1 mM DTT. Proteinbound nucleotide was trapped on nitrocellulose filters, then released with formic acid, separated by thin layer chromatography on polyethyleneimine-cellulose plates and quantified using a Phosphor-Imager (GE Healthcare).
Preparation of Focal Adhesion Fraction-FA fraction was prepared following methods described previously with some modifications (40, 41) . Briefly, cells were plated in 12-well plates at 120,000 cells/well. The next day, cells were transfected with plasmids as indicated. About 24 h later, cells were rinsed three times with ice-cold PBS, followed by incubation in hypotonic lysis buffer (2.5 mM Tris pH8, 2 mM MgCl 2 , 0.5 mM CaCl 2 , 1 mM DTT, 1 mM Na3VO4, 1 mM NaF, and protease inhibitors (Roche, Indianapolis, IN) for 5 min at 4°C to promote osmotic swelling. Subsequently, cell bodies including nuclei, cytosol, and the bulk of the cytoskeleton were removed by strong trituration with 0.75 ml hypotonic lysis buffer using a repetitive pipette. The material remaining on the plate were referred as the "FA fraction" and used for adhesion site GAP assay.
Immunofluorescence Staining and Confocal MicroscopyCells were trypsinized and resuspended in regular media. Subsequently, cells were rinsed once with plain Opti-MEM, reseeded at subconfluent density (3 ϫ 10 4 cells/well of 24-well plate) on fibronectin-coated coverslips in plain Opti-MEM for 6 h and fixed for 20 min with 3.7% formaldehyde. Fixed cells were incubated in 15 mM glycine for 10 min, 50 mM NH 4 Cl for 2 ϫ 10 min, then permeabilized and blocked with 0.2% saponin, 0.5% BSA, and 1% FBS in PBS for 20 min. An anti-vinculin monoclonal antibody (hVIN-1) or anti-paxillin monoclonal Ab was used to identify focal adhesions in cells. Cells were incubated in primary antibody for 1 h, followed by secondary antibodies for 1 h and mounted in DakoCytomation Fluorescent Mounting Medium (Dako, Carpinteria, CA). Images for fixed cells were taken on a Zeiss LSM 510 attached to a Zeiss Axiovert 100 M with a 63 ϫ 1.4 numerical-aperture (NA) plan Neofluar oil immersion lens (Carl Zeiss, Thornwood, NY) and processed with Adobe Illustrator software.
Image Analysis and Statistics-Focal adhesion number per cell was analyzed using ImageJ (Rasband, W.S., ImageJ, NIH 1997-2010) as described previously (42) . Images were high pass filtered. This method works well when the features (such as focal adhesions) are within a known size range and are high contrast from the background. Difference between multiple or two treatments were analyzed by one way ANOVA using Dunnett's multiple comparison test or Student's t test, with p Ͻ 0.05 considered to be significant. A lack of symbol means that it was not significant.
Pull-down Assays-Transfected cells were harvested 24 h after transfection. Arf6⅐GTP and Rac1⅐GTP levels were determined as described previously (43, 44) . Briefly, cells were washed twice with ice-cold PBS and lysed in lysis buffer (25 mM Tris pH7.5, 150 mM NaCl, 10 mM MgCl 2 , 0.5 mM EDTA, 1% Triton X-100, and 1 mM Na 3 VO 4 ) supplemented with protease & phosphatase inhibitor mixture (Thermo Scientific, Lafayette, CO). Immobilized GST-VHSGAT GGA3 (for Arf6⅐GTP) or GST-PAK PBD (for Rac⅐GTP) was incubated with cleared cell lysates at 4°C for 1.5 h on a rotator, washed twice with lysis buffer, and eluted with SDS sample buffer. The bound proteins were detected by Western blotting using antibodies against Arf6 or Rac.
RESULTS

ARAP2 Affects FAs and the Effect Is Dependent on ArfGAP
Activity-The goal of our work was to determine the molecular basis for the control of FA morphology by ARAP2 that had been previously reported (29) . As the growth or maturation of FAs is a continuous process and the stage of maturation is reflected by the size of adhesions (1, 4), we started our study by quantifying the effects of ARAP2 on the size distribution of all detectable adhesions in HeLa cells. To modulate the expression level of ARAP2 in HeLa cells, cells were either transiently transfected with a plasmid for the expression of ARAP2 with a FLAG epitope fused to the N terminus (FLAG-ARAP2) or with ARAP2 siRNA. The expression level of FLAG-ARAP2 was a least 100-fold of the endogenous ARAP2 and siRNA-mediated knockdown resulted in Ͼ90% reduction of endogenous ARAP2 (supplemental Fig. S1 and Fig. 2, 4 , and 5). These cells were then plated onto fibronectin for 6 h before fixation and immunostained for vinculin or paxillin. Vinculin and paxillin were used as markers for FAs with similar results. As shown in Fig. 1, B-F,  Fig. 4B, and Fig. 6B , although both overexpression and knockdown of ARAP2 caused a 25ϳ30% decrease in total adhesion number (all adhesions Ͼ0.3 m 2 ), they had opposite effects on the size distribution of adhesions. Overexpression of FLAG-ARAP2 resulted in more large adhesions (Ͼ3 m 2 ) and fewer small/medium size adhesions (0.3ϳ3 m 2 ) (Fig. 1, B and C) .
The average size of adhesions in FLAG-ARAP2-overexpressing cells was 1.9-fold larger than control cells (Fig. 1D) . Reducing expression of endogenous ARAP2 using siRNA had the opposite result as overexpression: about 53% reduction for adhesions greater than 1 m 2 (typically considered as FAs) and no effects on the number of small adhesions (0.3ϳ0.5 m 2 ) (Fig. 1, E and  F) . This effect of ARAP2 siRNA was reproduced in two other cell lines, T47D breast cancer and U118 glioblastoma, indicating the regulation of FAs by ARAP2 is not restricted to HeLa cells (supplemental Fig. S2 ). Expressing wild type FLAG-ARAP2 from a plasmid reversed the effect of ARAP2 siRNA on large adhesions (Fig. 1, E and F) , excluding that the FA phenotype is due to an off-target effect of ARAP2 siRNA. In contrast, a mutant of ARAP2 lacking ArfGAP activity (FLAG-[R728K]ARAP2) did not rescue the phenotype of reduced endogenous ARAP2. Based on these results, we conclude that ARAP2 promotes the growth of FAs and the effect is dependent on ArfGAP activity.
Regulation of Arf6 Is Required for the Effects of ARAP2 on FAs: ARAP2 Has Arf6 GAP Activity in Vitro and in Vivo-Since
Arf-GAP activity of ARAP2 is required for its effect on FAs, we next determined whether regulation of Arf6 by ARAP2 is also essential. To test this idea, we began by confirming the function of ARAP2 as an Arf6 GAP. Previous work used nonmyristoylated Arfs as substrate (29) . Because native Arfs are covalently modified on the N-terminal glycine with a myristate, we reassessed Arf specificity in vitro using the myristoylated Arfs. First, we determined activity in lysates of HeLa cells expressing FLAG-ARAP2 from a plasmid. By titrating the cell lysates, we determined that mammalian-expressed FLAG-ARAP2 hydrolyzed myr-Arf6⅐GTP about 10-fold more efficiently than myrArf1⅐GTP ( Fig. 2A) . To examine whether ARAP2 contributed Arf6 GAP activity associated with FAs, we performed the in vitro ArfGAP assay using a crude FA fraction that contains cellular ventral surface membranes and FA proteins (45) . The crude FA fraction was prepared following a method described by Kuo et al. (40) with minor modifications. Briefly, HeLa cells were hypotonically lysed with shearing force generated by a repetitive pipette. Microscopic examination confirmed the loss of nuclei and the existence of FA proteins including paxillin and vinculin by immunostaining (supplemental Fig. S3 ). MyrArf6⅐[␣-32 P]GTP was added to the FA fraction on the plate. [␣-
32 P]GTP hydrolysis as a reflection of ArfGAP activity was measured as described under "Materials and Methods." Consistent with the association of ARAP2 with FAs ( Fig. 1) (29) , the FA fraction from cells overexpressing FLAG-ARAP2 contained more Arf6 GAP activity than the FA fraction from control cells (Fig. 2B) . Expression of the GAP dead FLAG-[R728K]ARAP2 did not affect ArfGAP activity associated with the FA fraction. To determine the effect of ARAP2 on the in vivo levels of activated Arfs, HA-tagged Arf1, -5, and -6 (Arf1-HA, Arf5-HA, and Arf6-HA) were expressed in the control and ARAP2 siRNA-transfected HeLa cells. Activated Arf (i.e. Arf⅐GTP) was co-precipitated with GST-GGA and Arf-HA in the precipitate was detected by anti-HA immunoblotting (44) . Reducing ARAP2 expression with siRNA increased Arf1-HA⅐GTP (2.2-fold) and Arf6-HA⅐GTP (2.4-fold) levels. It had no effect on Arf5-HA⅐GTP levels (Fig. 2, C and D) . We also determined if reduced ARAP2 affects endogenous Arf6⅐GTP levels in U118 glioblastoma and HeLa cells. In U118 cells, endogenous Arf6⅐GTP level was elevated 1.6-fold when ARAP2 expression was reduced, similar to the results with exogenously expressed Arf6-HA. In HeLa cells, reduced ARAP2 expression did not affect Arf6⅐GTP levels globally (Fig. 2, E and F) . A, GAP activity in lysates of HeLa cells expressing ARAP2. The ArfGAP assay was performed as described in "Materials and Methods." Different amount of lysates prepared from HeLa cells transfected with control GFP or FLAG-ARAP2 was incubated with purified myrArf1⅐GTP or myrArf6⅐GTP in the presence of large unilamellar vesicles (LUVs) consisting of 40% phosphatidylcholine, 25% phosphatidylethanolamine, 15% phosphatidylserine, 7% PtdIns, 2.5% PtdIns (4,5)-P 2 , 0.5% PtdIns (3,4,5)-P 3 , and 10% cholesterol. Activity was calculated by subtracting signal of GFP-transfected cell lysates from FLAG-ARAP2-transfected lysates. B, ArfGAP activity in FA preparations from HeLa cells expressing FLAG-ARAP2. ArfGAP assays were performed in triplicate using the FA fractions from the transfected HeLa cells using myrArf6⅐GTP as substrate. Insets, representative Western blots confirming the expression of FLAG-ARAP2. C and D, effect of reduced ARAP2 expression on Arf-HA⅐GTP levels. HeLa cells were transfected with control siRNA (Ϫ) or ARAP2 siRNA (ϩ). 2 days later, cells were transfected again with HA-tagged Arf1, 5, or 6. Cells were lysed the next day and activated Arfs were co-precipitated with GST-VHSGAT GGA3 beads. GST beads were included as a background control. Active and total Arf-HAs were detected by immunoblotting with antibodies against HA. Immunoblotting of ARAP2 and ␤-actin confirmed the down-regulation of ARAP2 and equal loading. Results shown are representative blots (C) and densitometric quantification of the relative Arf activity from three experiments (D). E and F, effect of reduced ARAP2 expression on levels of endogenous Arf6⅐GTP. Lysates from U118 or HeLa cells transfected with control siRNA or ARAP2 siRNA for 72 h were incubated with GST-VHSGAT GGA3 beads. The beads were washed, and bound Arf6 (Arf6⅐GTP) was analyzed by Western blotting using anti-Arf6 antibody. Total Arf6 and the efficiency of ARAP2 protein knockdown were determined by Western blotting using anti-Arf6 and anti-ARAP2 antibody, respectively. Data shown are representative blots (E) and densitometric quantification (F) of the relative Arf6 activity (U118, n ϭ 12; HeLa, n ϭ 4, Ϯ S.E.). For densitometric quantification, the Arf⅐GTP levels were normalized to the amount of total Arf and expressed as fold over control siRNA-treatment. G and H, cellular distribution of Arf6⅐GTP in HeLa cells with reduced ARAP2 expression. GFP-JIP3 leucine zipper II domain (GFP-JIP3) was transfected into control or ARAP2 siRNA-treated HeLa cells to monitor the localization of Arf6⅐GTP. Cells were then fixed and the intensity of GFP-JIP3 quantified across the cell border. Areas indicated by arrows were shown at higher magnification as insets in the images. Representative images of cells are shown in G, and representative plots of signal intensity versus distance across the cell edge are shown in H. ϳ100 GFP-JIP3-transfected cells for each treatment were analyzed in each experiment. Numbers in the panels of the images in G indicate % of cells (the mean Ϯ S.E. of three experiments) exhibiting higher GFP-JIP3 signal at the cell edge. Bars, 10 m. * indicates significantly different from pCI using one way ANOVA with Dunnett's multiple comparison test, p Ͻ 0.05 (B) or control siRNA using Student's t test (D, F).
The lack of effect of reduced ARAP2 expression on global Arf6⅐GTP levels in HeLa cells could be a consequence of FA-associated Arf6 representing a smaller pool of total cellular Arf6 as compared with the situation in U118 cells (consequently, the fractional change in total cellular Arf6⅐GTP would be less in the HeLa cells). Given this possibility, we used a GFP-tagged JIP3 leucine zipper domain (GFP-JIP3) as a probe to detect localized changes in Arf6⅐GTP. JIP3 is an Arf6-specific effector with a leucine zipper domain that binds to Arf6⅐GTP (46) . In HeLa cells with reduced ARAP2 consequent to siRNA treatment, GFP-JIP3 was enriched at the edge of membrane protrusions (Fig. 2, G and H 2 ) than did controls (Fig. 3, A and B) , which mimicked the size distribution of adhesions in ARAP2 siRNA cells. Interestingly, expression of the equivalent mutant of Arf1 ([Q71L]Arf1-HA) in HeLa cells had similar effects except that [Q71L]Arf1-HA also caused a reduction in medium sized adhesions (0.5ϳ1 m 2 ). In contrast, expression of the constitutively active [Q71L]Arf5-HA in HeLa cells had no effect on the number of FAs (Ͼ1 m 2 ) and increased the average size of adhesions by 22%. The expression level of all three Arf mutants was similar (Fig. 3C) Fig. 4C ). The cells were stained for vinculin as a FA marker, and the number of FAs was quantified from the micrographs (Fig. 4, A and B) . Fig. 4, A and B to Fig. 1,  B and C) . Together with the result that the effect of the ArfGAP dead mutant on FAs (Fig. 1, E and F) , we conclude that regulation of Arf6 activity by ARAP2 is necessary but not sufficient to mediate the effects of ARAP2 on FAs.
Regulation of Rac1 Is Also Necessary for the Effect of ARAP2 on FAs-Expression of constitutively active Rac1 has been reported to affect substrate adhesions in a manner similar to ARAP2 knockdown (10, 11) . Furthermore, Arf6⅐GTP has been reported to facilitate the formation of Rac1⅐GTP (13, 14, 19) . Based on these considerations, we hypothesized that ARAP2 may control FAs by regulating Rac1 downstream of Arf6. To test this idea, we first determined if reduction of ARAP2 expression affects Rac1⅐GTP levels in cells. In these experiments, HeLa cells with reduced ARAP2 consequent to siRNA treatment were lysed, and endogenous Rac1⅐GTP was precipitated using the binding domain of PAK1, a Rac1 effector, fused to GST (GST-PAK-PBD) and bound to glutathione beads. The precipitated Rac1 was detected by immunoblots. Consistent with the hypothesis, Rac1⅐GTP levels were elevated 1.5-fold in cells with reduced ARAP2 (Fig. 5, A and B) . We next determined if the change in Rac1⅐GTP levels requires ArfGAP activity of ARAP2. In these experiments, FLAG-tagged wild type ARAP2 or mutant ARAP2 lacking ArfGAP activity, FLAG-[R728K]ARAP2, was coexpressed with AU5-tagged Rac1 at a ratio of 7 to 1 in order to specifically detect changes in Rac1⅐GTP levels in FLAG-ARAP2-expressing cells. Replacing the endogenous ARAP2 with wild type FLAG-ARAP2 expressed from a plasmid not only reversed the knockdown effect but further decreased AU5-Rac1⅐GTP levels (Fig. 5, C and D) . In contrast, expressing the ArfGAP dead mutant, FLAG-[R728K]ARAP2, did not rescue the increased AU5-Rac1⅐GTP in ARAP2 knockdown cells (Fig. 5, C and D) , suggesting that the effect of ARAP2 on Rac1⅐GTP levels was mediated by the changes in Arf6⅐GTP levels.
It is possible that the ArfGAP domain of FLAG-ARAP2 functions as both a RacGAP and an ArfGAP. In this case, FLAG-[R728K]ARAP2, which is a mutation in the catalytic arginine in the ArfGAP domain, would fail to rescue changes in Rac1 activity caused by ARAP2 knockdown because this mutant abolishes both RacGAP activity and ArfGAP activity. To exclude this possibility, we determined if ARAP2 has RacGAP activity in vitro using bacterially purified proteins. Myr-Arf6 or His-Rac1 was loaded with [␣-32 P]GTP and incubated with bacterially purified His-[1-883]ARAP2 (Fig. 1A) and [␣-
32 P]GTP hydrolysis was measured as described under "Materials and Methods." At a concentration of 80 nM, His-[1-883]ARAP2 effectively stimulated hydrolysis of GTP bound to myr-Arf6 but had no detectable effect on GTP hydrolysis by His-Rac1 (supplemental Fig. S4 ). To further test the hypothesis that ARAP2 affects Arf6 activity leading to changes in Rac1⅐GTP levels, we examined the effects of Arf6 mutants on Rac1⅐GTP levels in cells. HeLa cells were cotransfected with myc-Rac1 and one of the HA-tagged Arf6 mutants or pCI vector as controls. Myc-Rac1⅐GTP levels were measured using the GST-PAK pull down assay as described above. As shown in Fig. 5 , E and F, under the normal growth condition with serum in the culture media, [Q67L]Arf6-HA had no effect on myc-Rac1⅐GTP levels, possibly because Rac1 was already maximally activated in the presence of serum. On the other hand, decreasing Arf6⅐GTP levels by expression of [N122I]Arf6-HA reduced myc-Rac1⅐GTP levels by 31%. This result indicates that changes in Arf6 activity can affect Rac activity. Together, these data support the idea that ARAP2 regulates Rac1 activity through control of Arf6 activity.
To test the idea that the effects of ARAP2 on FAs were, at least in part, mediated by regulation of Rac1, we examined the effect of dominant negative Rac1 (myc-[T17N]Rac1) on changes in FAs due to reduced ARAP2 expression. Myc-[T17N]Rac1 was expressed in HeLa cells with reduced expression of ARAP2 consequent to siRNA treatment. As described above, FAs were visualized by staining with vinculin and adhesion size and number were quantified (Fig. 6, A and B) . As previously described, cells with reduced ARAP2 expression had fewer FAs. If the increased Rac1 activity accounts for the effect of ARAP2 knockdown on FAs, preventing Rac1 activation by expressing myc-[T17N]Rac1 should reverse FA phenotype caused by ARAP2 knockdown. While in control siRNA cells, expression of myc-[T17N]Rac1 caused no change in FAs (Ͼ1 m 2 ), it prevented the reduction of FAs (Ͼ1 m 2 ) in ARAP2 knockdown cells. Together, these data support the conclusion that negative regulation of Rac1, like the negative regulation of Arf6, is necessary but not sufficient for the effects of ARAP2 on FAs. 
DISCUSSION
Multiple ArfGAPs associate with FAs but little is known about the signaling pathways by which most affect FAs. Here we examined ARAP2 as a potential negative regulator of the Arf6/ Rac1 pathway in the control of FAs. We found that ARAP2 inhibits Rac1 activity consequent to its negative regulation of Arf6 and that negative regulation of both Arf6 and Rac1 was critical for the effects of ARAP2 on FAs. To our knowledge, this is the first study on the role of Arf6/Rac1 pathway in the control of FAs. Furthermore, the quantification of the effects caused by mutants of Arf6 and Rac1 also revealed that negative regulation, by itself, could not fully mimic the effects of ARAP2, which has led us to speculate about additional mechanisms of ARAP2 action.
The finding that Arf6 together with Rac1 regulates FAs is consistent with previous reports focusing on membrane protrusions driven by actin polymerization. The function of Arf6 with Rac1 to control the actin cytoskeleton was first identified in work examining Arf6 induced actin-rich protrusions and membrane ruffles (12) . The pathway was further defined by examining the Arf exchange factor ARNO. ARNO activation of Arf6 and consequent activation of Rac1 induced lamellipodia (13, 14) . The same pathway was implicated in the action of an ArfGAP, GIT1 (14, 24) . In the case of GIT1, recruitment of GIT1 to the lateral and rear plasma membrane resulted in reduced Arf6⅐GTP. Rac1⅐GTP levels were consequently reduced, which prevented membrane protrusion. The assembly of adhesions is coupled to the rate of membrane protrusion. Nascent adhesions form at the leading front of lamellipodia and begin to grow into mature FAs when protrusions pause (5) . Therefore, our data link the function of Arf6/Rac1 pathway from regulating membrane protrusions to the growth of FAs.
The idea that Arfs may regulate FAs is based mostly on studies examining the effects of Arf6 on actin cytoskeleton, membrane protrusion, and cell migration. Direct examination of effects of Arfs on FAs has been limited. In one report, bacterially expressed recombinant Arf1, added to permeabilized cells or microinjected into cells, mediated recruitment of paxillin to FAs (7). Although these approaches allowed for the examination of the acute effect of Arf1, the bacterially expressed Arf is not properly modified, which affects the activity of the protein (47, 48) . Both Arf1 and 6 were detected in FAs in a proteomic study (40) , suggesting Arfs may regulate FAs. We compared three Arf isoforms and found that active Arf1 and Arf6 inhibit the growth of FAs, opposite from what was found with the bacterially expressed Arf1. On the other hand, active Arf5 induced large FAs. The difference between our result with Arf1, and the previous report using the bacterially expressed Arf1 could be due to different cell types or the differences in Arf expressed in bacterial and mammalian cells. We cannot exclude indirect effects because of relatively long term expression of the constitutively active proteins. Nevertheless, the results provide the first evidence of specific and opposing effects of Arf isoforms in the regulation of FAs.
Several Arf regulatory proteins, ArfGEFs and ArfGAPs, had been shown to affect cell adhesion and/or migration (13, 26, 30, 49 -52). However, in most cases, the requirement for regulation of Arf⅐GTP levels for their respective effects was not examined. Brag2, an Arf exchange factor, was reported to cause the disassembly of FAs secondary to the activation of Arf6 (53) . This result will have to be reconciled with recent work identifying Arf5 as the substrate for Brag2 in vivo (54) . Our work, complementing the study of the Arf exchange factors including Brag2 and ARNO, is the first report examining the effects of the Arf-GAP regulation of the Arf6/Rac1 pathway on FAs. ARAP2, by inactivating Arf6 and, consequently Rac1, would stabilize FAs and oppose the activity of Brag2 or ARNO.
We have not previously observed the changes in Rac1 due to ARAP2 (29) . In those experiments, the effect of overexpression of ARAP2 was examined. In the current paper, we found reduced expression of ARAP2 resulted in an easily detectable increase in total Rac1⅐GTP whereas overexpression induced small decreases in total Rac1⅐GTP. The small effect could be because the changes were in a pool of Rac1 associated with a specific site and constituted only a small fraction of total Rac1. We may not have detected the effect of overexpression in previous work either because changes were small or because there were cell line differences. For similar reasons, we may not have detected an increase in Rac1⅐GTP upon expression of constitutively active Arf6 ([Q67L]Arf6-HA) in this study. Whereas ARAP2 had site specific effects, expression of [Q67L]Arf6-HA results in global activation of Arf6. Effects of Arf6 at other sites within the cell could result in opposing effects on Rac1. In addition, previous work in which [Q67L] Arf6 was reported to stimulate Rac1⅐GTP was done in a serum-free condition (19) whereas we measured Rac1 activity in the presence of serum, in which Rac1⅐GTP was already maximally elevated. On the other hand, because the basal Rac1 activity was high in our experiments, a reduction of Rac1⅐GTP levels was readily detectable when dominant negative Arf6 ([N122I]Arf6-HA) was expressed. The mechanism by which regulation of Arf6 by ARAP2 leads to a change in Rac1 activity remains elusive but likely involves proteins including DOCK180/Elmo or IQGAP1 that have been shown to mediate Arf6-dependent Rac1 activation under different circumstances (14, 19) .
The size of adhesions is determined by the assembly and disassembly rate. One way ARAP2 could affect FAs through the Arf6/Rac1 pathway could be by preventing Rac1⅐GTP-induced disassembly. Targeting of FAs by microtubules (MTs) coincides with their disassembly (55, 56) . Rac, the Rac GEF Tiam2, and the Rac effector PAK have been found to facilitate FA disassembly by promoting the growth or targeting of MTs to FAs (57) (58) (59) (60) (61) (62) (63) . Based on these considerations, a plausible hypothesis is that ARAP2 reduces Arf6⅐GTP leading to lower Rac1⅐GTP levels in cells, which impairs targeting of MTs to FAs consequently stabilizing the FAs.
Although dominant negative Rac1 blocked the effect of reduced ARAP2 expression, it did not fully mimic the effect of ARAP2. It is possible that the effects require strict site-specific regulation of Rac1. Other plausible explanations are that changes in Arf6 have a parallel effect or that ARAP2 affects additional regulatory pathways independently of Arf6/Rac1. A number of mechanisms involving Arf6 not directly related to Rac1 may function in parallel with Rac1 to affect membrane traffic and actin resulting in changes in FAs. For instance, Arf6 activates the ␤ isoform of phosphatidylinositol 4-phosphate 5-kinase (PIP5-kinase) but not PIP5K␥ (64). PIP5K␤ but not PIP5K␥ has been found to regulate FA disassembly by promoting endocytosis of ␤1-integrin (65). It is possible that the effects of ARAP2 on FAs are in part the result of specific control of Arf6/PIP5K␤-dependent endocytosis of integrin. Arf6 also regulates endosomal recycling of ␤1-integrin back to the plasma membrane (49, 66, 67) . Through regulation of Arf6, ARAP2 may control the recycling of integrins or other adhesion components, leading to a change in the adhesion turnover.
The other domains of ARAP2 may have functions both related to and independent of Arf6. The fact that dominant negative Arf6 failed to recapitulate the effect of ARAP2 on FAs supports this idea. For instance, site-specific targeting of ARAP2 that may provide localized changes in Arf is likely mediated by a domain outside of the ArfGAP domain. A PH domain may be involved, although they were not found to be important for PIP3-dependent targeting of the related ARAP1 to plasma membranes (68) . RhoA⅐GTP binds to the RhoGAP domain, which could also have a role in targeting or other functions of ARAP2. Two-hybrid screens for binding partners of ARAP1 and ARAP3 have identified Cin85, Ship-2, and ␤-catenin as potential binding partners.
3 Cin85 and Ship-2 are experimentally confirmed binding partners (69, 70) . Rap1 has been reported to bind to ARAP3 through the RA domain (71) . These or similar binding partners of ARAP2 could explain how ARAP2, with similar biochemical effects on Arf6 and Rac1 activity as GIT1 (24) , has an opposite effect on FAs than does GIT1, which has been reported to promote FA disassembly (34) . In conclusion, the data presented support a model where ARAP2 regulates Arf6⅐GTP and consequently, Rac1⅐GTP levels to control FAs (Fig. 7) .
